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Mass Fﬁund in E Ius: ve Parttcle,
Universe May Never Be the Same

Discovery on Neutrino
Rattles Basic Theory
AboutAH Matter
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TﬁKAYAMA, Japan June 5 — In
what colleagues hailed as a historic
landmark, 120 physicists from 23 re-
search institutions in Japan and the
United States announced today that
they had e existence of mass
in a notoriously elusive subatomic
particle called the neutrino.

The neutrino, a particle that car-
ries no electric charge, is so light
that it was assumed for many years
to have no mass at all. After today's
announcement, cosmologists will
have to confront the possibility that
much of the mass of the universe is
in the form of neutrinos. The discov-
ery will also compel scientists to
revise a highly successful theory of
the composition of matter known as
the Standard Model.

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, they said, the finding of neu-
trino mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the

Detecting Neutnnos
Neutrinos pass through
- the Earth's

surface to

a tank filled
with 12.5 mil-
lion galions -
of ultra-pure
‘water ..

.. and col-
lide with,
other, ©#
particles . .

.. produc-
ing a cone-—
shaped
flash of light.

The light is
recorded by
11,200 20-
inch light
amplifiers
that cover
the inside of
the tank.

LIGHT AMPL I‘FJEH‘

And Detecting Thelr Mass
By analyzing the cones of light,

OKLAHONA BLAST
BRINGS LIFE TERM
FOR TERRY NICHOLS

“ENEMY OF CONSTITUTION"

Judge Denounces Conspiracy

and Hears From the Victims
of a Terrifying Ordeal

By JO THOMAS

DENVER, June 4 — Calling him
“an enemy of the Constitution,’” a
Federal judge today sentenced Ter-
ry L. Nichols to life in prison without
the possibility of parole for conspir-
ing to bomb the Oklahoma City Fed-
eral Building, the deadliest terrorist
attack ever on American soil.

In passing sentence after hearing
from survivors of the blast and rela-
tives of some of the 168 people who
died in it, the judge, Richard P.
Matsch of Federal District Court,
said, *“This was not a murder case.”

He added: “It is a crime and the
victims have spoken eloquently here.
But it is not a crime as to them so
much as it is a crime against the
Constitution of the Untted States.
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Mixing Matrix:
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One Global Fit;

Dominated by

parameter best fit 20 30

Am2, [10-%eV?] 7.6570 50 725811 | 705834 | KamLAND
[Am2, | [10-3eV?] 2401012 1 918264 | 207275 | MINOS

sin2 0 0.3041092 | 0927035 | 025037 | SNO

sin? Oy 0507595 | 0.39-0.63 | 0.36-0.67 | SuperK

sin? 0,5 0.0170:016 < 0.040 <0.056 | Chooz

arXiv:0808.2016



Neutrino

Mass Spectrum: Mixings:

o Quasi-Degenerate ? e Deviations from Uryi—Bi— Max

- 2 - 2 . 9
sin“ 013,| (sin“ 05 — 1/2), (sin“ 65 — 1/3
e Hierarchical ? ( 23— 1/2), ( 12— 1/3)

e Relationship between these deviations and

e Normal or Inverted ?
Vorm — 1

if any 7

e Magnitude and sign of CPV:

x sin #13sin 0



sin? 013 from Reactor Neutrinos: kinematic phase:
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Double
Chooz:

m far detector

Nuclear reactor Near detector

1,2 core(s) & ON/OFF : ok 5-130 tons
7 4 cores & ON/OFF : no | > 50 mwe

push the limi
SiIl2 2013 < 0

(Reactor Experiment for Neutrino Oscillation)

| RENO Expected Sensitivity |

(rate only analysis)
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10x better sensitivity than current limit

260m high

70m high
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Near Detector
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SiIl2 (913 from LBL:

Vl’l’ — Ve

and related processes:




CP

T :U: CPT across diagonals :H: T
Ve — Uy < Ve — Uy
CP

o First Row: Superbeams where v, contamination ~1 %

e Second Row: v-Factory or 3-Beams, no beam contamination



MINOS:

v, Sensitivity o

May 27, 2008

MINOS Projected 90% Exclusion Region
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i \ —3.25x10%° POT Am2, <0 (2008, 10%) i
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At CHOOZ limit expect 12 v, signal events and 42 background events
with 3.25x10%° protons.

Use sidebands to study predicted far detector backgrounds. 26
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—12(Ag2+6 2
P(v, — ve) = |V Pame ¥ ) + \/Psoi
For L = 1200 km
and sin® 26,5 = 0.04
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In Matter:
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Off-Axis Beams | 7 suppression

» On axis
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JHF — Super-Kamiokande

295 km baseline e 3;‘5‘
Super-Kamiokande: i S
22.5 kton fiducial - P s
Excellent e/p ID "J%.‘F o |
Additional /e ID L ﬁiﬁiﬂka"f&j;4iﬂ§lim J?ﬁi'm]
Hyper-Kamiokande ﬁ " WAL Tc.k%;“ﬁﬁ

20= fiducial mass of > N ot i
s _h‘_'t':ﬂhﬂl.cl
Superk ‘;?& ﬁ;, " ,,-‘”E!"fﬁ“ P
Faka o g ! AL S
Matter effects small e -

Study using fully
simulated and
reconstructed data

L=700 - 1000 km and

L=295 km and Energy near 2 GeV
Energy at Vac. Osc. Max. (vom) B, =18 GeV dm3y }

5m2, 2.5x1073 eV?
Eyom = 0.6 GGV{ } > { L

0.75 upgrade to 4 MW 0.4 upgrade to 2 MW




T2K

Search for v, appearance
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90% C.L. sensitivity
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T2K:
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Sensitivity to sin®(26,5) *# O

90% CL Sensitivity to sin2(2613) =0

- 2
L [ NOvA
© 18 L
16 [
14 F
12 |
1 F L =810 km, 15 kT
- Am,,2 = 2.4 107 oV?
0.8 sin“(28,,) = 1
06 [ 3 years at 700 kW,
- 1.2 MW, and 2.3 MW
0.4 for each v and v
i — Am? >0
02 — Am® <0
D i | L1 11 | I N | | N N T |

0005 001 0015 002 0025 003
s 2o . 2
2 sin"(B,,) sin"(20,,)
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95% CL Resolution of the Mass Ordering
NOvA Alone

6 (m)

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

NOvA

LT
_____
........
.y

L=810km, 1BKT e [T T

Am 2=2410%v2 Tl ol
sin“(20,;) =1

Am®=0

3 years foreach v and v
NOvA at 700 kW,
1.2MW, and 2.3MW

----

"0 0.15
2 sin’(0,,) sin®(26,,)

o
o
o
o

Normal Ordering

vV

95% CL Resolution of the Mass Ordering
NOvVA Plus T2K

6 (m)

2 .
L NOvA + T2K -
18 [ )
L 3 years for seach vand v
16 L[ NOVA at 700 kW,
i 1.2MW, and 2.3MW
14 L + T2K 6 yoars of v
L at nominal, x2, and x4
12
.
08 L[ L=810km, 15kT
[ Am,,2=24107 eV’
0.6 | sin7(20,)=1
[ Am®>0
0.4
0.2 [ ,
0 L 1 1 1 1 ."|. 1
0 0.06 01 0.15

.2 .2
2 sin“(8,,) sin™(20,,)

Normal Ordering

for Inverted Hierarchy 0 — m — 9



sin%(26,,)

0.96

0.94

0.2

0.9

95% CL Resolution of the 6,; Ambiguity

| NOvA (15kT) + Reactor
L amg2=2410"eV’

3 years for each v and v
NOvA at 700kW, 1.2 MW, and 2.3 MW
+ a reactor with ¢ = 0.005

M I
0.05 0.1 0.15
io2
sin“(26,,)

P(v, — ve) + P(p, — 1) = 2sin® fa3 sin® 20,3 + 2P5

in P + P the matter effects approx. cancel
and CP effects approx. cancel.

at Vac. Osc. Max.

N

CP Violation: 5 vs. 6,5 Contours

SN Vv

1 ¢ Contours for Starred Point
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Way Forward:

Signal Events =

Fid. Mass
* PO.T. (beam power*time)
* Efficiency

2nd Oscillation Maximum



For L = 1200 km

and sin® 26,3 = 0.04

Anti-Nu: Normal Inverted
dashes 6 = /2
solid 6 = 37 /2

Atmospheric + Solar + Inf.
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N T
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Nu:Normal Inverted
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dashed 6=3m/2

S=m/2
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Off Axis:

Total cost must
be similar to the
baseline design.

-----
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11111111111

2.5 deg. off axi

Distance from

the target (km)
A.». ~ =

A00 f"'
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JH 'ﬂjj aw HEL '

L -}F";ﬂﬂ ; q‘* Jw]m
: 25deg off-aX|s beam @Kamloka ﬁ’

Off-axis angle

see Kajita talk:
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Institute of Underground
Science in Boulby mine, UK

L.

Laboratoire Souterrain
de Modane, France

LS

Laboratorio Subterraneo
de Canfranc, Spain
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Narrow Band Beam: Same E, Longer L T2KK

Broadband Beam: Same L, Lower E Fermilab to DUSEL
In VACUUM the SAME but NOT in MATTER

sin? 2613 = 0.04

L=1200km E=0.6 GeV
0.0 Slmogpborie = Solarn ooy AHmeEphenic, S solar
[ ] . ]
0.08 _—\\\\ Nu:Normal Inverted — 0.08 | — #
[\ — P_sol /]
0.06— | —] > L
) 06T 1\ ] A 0.06— I
3 | U
al \ y )
0.04— — - /
VRN i T 0.04— ;,
\ /
B - P_atm /
0.02 f — 0.02 — L
\ . ~ B _ /
vacuum <= | i /ﬁ‘/‘,‘
0.00 & 1 V'abk ST N . il X/, A
0.2 05 1.0 2.0 50 10.0 20.0 0.00 5
E (GeV)

Pp,—>e ~ ‘ \/Patme_i(A:ﬂ:

\ifl <= same height



Fermilab to DUSEL (T2KK similar)

The 30 Reach of the Successive Phases

sin?20, Mass Ordering CP Violation

- 3 o Discovery Potential for sin2(2913)¢0 - Discovery Potential signam3, - 3 o Discovery Potential for 50 and (¢n)
-3 -3 -3
Rt CHOOZ Excluded S CHOOZ Excluded S CHOOZ Excluded
= 1.5 I'E
7] -1 —1w
10"~ 1() 10"~ 10 10"

L L. Project X NUMI offAxis NOvA
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1 0_2 Project X NUMI offAxis
1072
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1072 - Broject X NUMI offAxi 1 0_2 102

F +NUMI OnAxis-TAr5@Soudan [ Project X NUMI offAxis
_/ | with 2 LAr10 tectors (1st&2nd Osc.Maxima)

roject X with Wide Band Beam!
Ar100 detector 1300km baseli

10_3 10°

Project X with Wide Band Beam - Project X with Wide Band Beam -
| LAr100 detector 1300km baseline | LAr100 detector 1300km baseline
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Possible detector options...

Tlul Torn
vrague sheet

!

hap-phAMORLLO
Wormen, 2000

N | Large Lig. Ar
Large water Cherenkov detector Eueel | Jotector
(Hyper-Kamiokande) 0.1 Mton fiducial mass.
0.54 Mton fiducial mass (If the detector
is divided into 2, located at Kamioka
and Korea, fiducial mass for each unit is
0.27Mton.)




Evolution of the Liquid Argon Physics Program
0 . _
Vale TPCEEj _ Purity, electronics development

Luke & Bo “phased R&D program”
(:O _ Underground safety, cryo operation,
TPC performance, reconstruction
ArgoNeuT Cold electronics, evacuation

@CK)BOONé> _ requirement, tank construction,

insulation

LAr5 R&D| Physics |
( near <> far Large Mass operation,

Technical & cost scaling

Mx N =100 kT

\/ 31




Proton Decay:
p— 7TO€+
Water Cherenkov (500 kt) ~ 103y (5000 kt y exposure)

Limit SK-I and II: t > 8.4 x1033 y

p— KTp
Liquid Argon (100kt) ~ 10% y (1000 kt y exposure)

Liquid Scintillator (50kt) 5 x 10°*y (500 kt y exposure)

Limit SK-I: t>23x1032y

p—)e+7z'0 p—)K+V

10%L —— s .. BOOKWC .

1995 2000 2005 2010 2015 2020 2025 2030 1995 2000 2005 2010 2015 2020 2025 2030



Sensitivity to proton decay: comparison with theory

N MEMPHYS (10 Mtonxyr)
p— | GLACIER (1000 ktonxyr)
i LENA (500 ktonxyr)

| |
[ [ [ [, [ - _—
i0 il 12 3 3 3 3 DB Kamidkinde—ge
(6 [ S [/ 1 | - Y
- Non-SUSY SU Stperkin 10 year
Two-siep Nom-SUSY S0(10)  UNDin 10 years lifetimes in yers

Complete 3D SU(S) | | |

|
. . . | -
i 10" Yo S Tl 11

MSEM SUCS)

-— se Family Hamotle String Model
Conplete 5D SU(S)

MESM SU(S)
5D SU(3) Soemgly Coupled

Fligad TR
Split poultiplees =

SUSY Without GLT
Mimamial S0(10) SU5Y Modsl

MESM SO(10)
Fermion mass comelaed MSEM 500100

v e et d
WMESM SO(10)-gemeric Femiam mass corralited

Exira dimension a1 GUT seale MS5M 50(10)=penerie

Higher dimension models (eg. 6D SO(10)) not included

LAGUNA



SUPERNOVA:

Anglo-Australian Observatory =i i B stra

1987a Feb 24



And yet the

nothing-particle
iIs not a

nothing at all

We are “due” for a supernova
anytime now we can only hope
that it will hold off until the
science of neutrino astronomy
is further advanced.



Neutrino fluxes:
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Eo(ve) ~ 10-12 MeV
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EO(VX) ~ 15 25 MeV
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SN spectra reaching Earth

Neutrinos Antineutrinos
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For Inverted Hierarchy
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Conclusions

e A Large Underground Detector is the way forward for:
e Neutrino Properties
(sin® 613, sign{ém2,}, sind, sin” fas3, surprises)
e Proton Decay

(beyond 10°° years in both p — 7™ and p — K1)

e Supernova Neutrinos

(> 10° events for galactic event)

e Other - solar, atmospheric neutrinos ...

e Both Japan (T2HK, T2KK ...) and Europe (LAGUNA)
are exploring similar options.




